Amphiphilic molecules based on pyridinium molecule attract significant attention due to their involvement in biochemical processes. Their structure with highly interactive polar head, hydrogen bonding and -stacking capabilities enables their potentional role in biotechnological and biomedical applications.
Introduction
Self-organization is an inherent feature of living systems that took part in the first evolution processes, causing transformation from non-living into living, biologically active matter. Having this property and as well as ability to interact in different way, including some host-guest mechanisms, 1 synthetic catanionic amphiphilic systems are interesting from both, fundamental and practical viewpoint. The design of new materials, especially nanomaterials based on self-organization procedure has been one of the main focus in the field of supramolecular chemistry. 2 There is a multitude of interesting structures including micelles with different sizes and shapes, 3 bilayer vesicles 4, 5 and liquid-crystalline mesophases 6 that are formed during interactions of amphiphiles. Previous studies have also reported formation of ribbons, 7, 8 disks, 9 and gel-like crystalline mesophases that are used to template materials in both aqueous and/or nonaqueous domains. 10 The structure of these aggregates can be tuned by tailoring the nature of the components, and consequently, the interplay between electrostatic effects, hydrogen bonding networks, surfactant molecular size, geometry etc. The phase behavior of surfactant provides an appropriate starting point for analyzing complex patterns;
for example, the model lipid bilayers can be prepared using non-biological building blocks of surfactants, owing their ability to form liquid crystalline phases. Besides this, such systems may provide information of the elementary mechanisms and functioning of their prototypes through biomimetics. 1 Exploration of new amphiphilic building blocks is an important task since this makes it possible to diversify supramolecular architectures and physicochemical properties of systems. 1 surfactant complexes in forms of stretched networks, 22 bind with three dimensional coordination polymers and anionic planar substances such as dyes, 17, 23 naphthalene or benzenesulfonates. 23 Besides this, they are also used for making novel surfactants, 24-29 very often in their catanionic form that could be used in various applications mentioned previously.
Such ion-pair amphiphiles are formed as the result of electrostatic interactions between oppositely charged headgroups, and they contain parent cationic and anionic surfactants in equimolar ratio, without inorganic counterions. Some pyridinium based compounds have already been characterized in terms of their thermal and thermotropic properties.
Polymorphism and mesomorphism was obtained for the N-(n-alkyl) pyridinium
hydrogensulfates. 
Preparation of surfactant molecular complexes
Solid molecular complexes 1-3 were prepared from equimolar aqueous solutions of components by high temperature mixing with magnetic stirrer for 20 minutes on elevated temperature and equilibrated undisturbed at least one week. The water used was purified by passing it through a Milli-Q Plus system until its specific conductivity fell below 0.10 μS cm -1 . The precipitated compounds were filtrated and washed with cold water to remove potentially coprecipitated electrolyte, dried under the vacuum and and stored protected from moisture and light before use. 
Measurements
The identification of compounds was performed by elemental analysis (Perkin-Elmer Analyzer PE 2400 Series 2). Elemental analyses expressed as mass fraction in percent confirmed that the complexes were 1:1 (charge ratio) adducts and have high purity. The interlayer spacing (d hkl ) was calculated according to the Bragg's law. 
Results and discussion
. The sample dodecylpyridinium chloride was heated from room temperature (RT) to 425 K and cooled back to RT. This yellow crystalline powder shows rich thermal behavior (Table 1 ).
In the heating cycle it goes through the melting process at relatively low temperature (343 K).
Before isotropisation that begins at the temperature of 418 K, the liquid crystalline mesophase is detected, in forms of focal conic fan textures ( Figure 1a ). Previously examined 1-methyl-4-dodecylpyridinium chloride, 36 which differs from DpyCl only in the methyl group stacked on the pyridinium ring, showed melting without any thermotropic behavior. Three types of mesophases, smectic A, B and E were identified in N-alkylpyridinium halides substituted with a 4-methoxybiphenoxy group, with the individual molecules laterally arranged head to tail, bringing the anion close to positively charged pyridinium rings. 37, 38 The similar structures with interdigitated molecules and sandwiched anions between pyridinium rings were described for the smectic A phase of 4-methyl-N-alkylpyridinium halides 39 and N-methyl-4-alkylpyridinium iodides. 36 Unlike these results, dodecylpyridinium chloride shows quite different type of LC mesophase. The DPyCl has already been examined in terms of thermal and thermotropic behavior 31 , but the identified smectic mesophase is not in accordance with the mesophase that we have detected and proved. The textures resemble smectic ones, but PXRD of the sample taken at 383 K (Table 2) Figure 2 ).
Obviously, compound 1 is in the form of crystal smectic with basic lamellar thickness of d 1 = 4.676 nm at room temperature having bilayer like structure (Table 2) . Taking into calculations the length of dodecyl chain, l = 1.668 nm 40 and effective ionic radii of benzene part å = 0.60 nm, and of trinitrophenolate å = 0.70 nm, 40 the extended molecule has a length of d = 4.268 nm < 4.676 nm ( Table 2 , compound 1). To conclude, the catanionic molecule is vertically arranged with fully extended dodecyl chain in this structure. There are no indications of the thermotropic mesomorphism, as was also found for previously examined picrates, for which analysis of crystallographic structures suggested that their solids are partly paraffin-like bilayers. 41 Moreover, similar arrangement was obtained for 3,5-dinitrobenzoic acid, 3,5-dinitrobenzamide and 3,5-dinitrobenzonitrile. 42 Two-dimensional planar sheets formed from their assemblies are stacked in a three-dimensional arrangement by -interactions, ranging from a simple stacking that resembles bilayer like structures, to a complex catenated networks. Table 2 shows results of PXRD measurements that confirmed thermotropic mesomorphism and polymorphism of the sample 2. Three sharp peaks with short range fluctuations and recognizable interlamellar distance and the ratio of spacings (1 : 1/2 : 1/4 at 300 K, 1 : 1/3 :
1/6 at 383 K) are displayed at both, 300 K and 383 K ( Table 2 ). The breadth of the peaks and the fact that no higher angle peaks can be positively identified indicate that the sample is poorly ordered, but it can be identified as smectic LC, with lamellar thickness d 2 = 2.720 nm and at 300 K, and d 2 = 2.552 nm at 383 K. This is in accordance with benzenesulfonates properties; they are defined as amphiphilic molecules that cannot form well organized structures, cause microstructural changes, decrease membrane stability 44 and disrupt lamellar liquid-crystalline phase. 45, 46 The crystallization of the sample 2 starts at 422 K on cooling, again in forms of smectic textures (Figure 3d ), and LC-LC polymorphic transition. During heating and cooling scan the temperature interval of mesomorphic state, stretches in a whole temperature range of ~ 150 K. Having in mind the length of dodecyl chain, l = 1.668 nm 40, effective ionic radii of benzene part å = 0.60 nm, and of sulfonate group å = 0.40 nm 40 the calculated length of extended catanionic molecule 2 is d = 6.536 nm. Therefore, the proposed arrangement in the bilayer at room temperature is fully extended catanionic molecule tilted at the angle of α = 24.20°. This is in accordance with the fact that in such type of poorly ordered phase, smectic A molecules are tilted at some angle (very similar as in the smectic C), giving smooth focal conic textures. As it was expected, the lamellar thickness changes by heating, indicating some structural changes, detected as polymorphism, whether molecules change their tilt angle, whether some major changes in the molecular arrangement occur, or maybe both of them simultaneously. Table 2 pattern around the pyridinium core. Pyridine is chemically stable structure, providing a reactive nitrogen center, which is easily accessible for synthetic transformations into substituted mesogenic cation. 47 Different molecular conformations and associated conformational disorders are responsible for differences in the packing and the properties of the compounds in their solid state. 48 The driving forces for the formation of pyridinium mesogens are obviously hydrophobic interactions of the long alkyl substituents and ionic, dipole-dipole, cation-interactions as well as -stacking of the aromatic cation core groups. Consequently, smectic liquid crystalline phases are often expected for pyridinium salts. 47 For example, in the stilbazolium based derivates of pyridinium, the presence of a donor methoxy group in 4'-position of the the aromatic system in the combination with the electron accepting pyridinium ring induces a large dipole moment in the molecule, and this leads to a stabilization of a liquid crystalline phase. 49 It is well known that linear molecules favor LC formation more than branched ones.
50
Sample 2 has two linear dodecyl chains that promote the formation and stability of the mesophase. 51 Similar rich thermal behavior, i.e. polymorphism and mesomorphism was also obtained for the pyridinium compounds containing more than one linear alkyl chain, regardless of its length; N-(n-alkyl) pyridinium hydrogensulfates formed smectic B phases seen through fan shaped textures 24 , bis(N-alkyl pyridinium) tetrachlorocuprates exhibited hexagonal columnar 31 , cubic and smectic phases 31 , and hexadecylpyridinium based catanionic surfactants have shown rich thermotropic behavior with formation of smectic A and smectic B phases.
benzenesulfonate ion in compound 2 is structurally different from the other two anionic headgroups. The benzene ring has been found to be equivalent to 4-5 methylene groups on the alkyl chain. 52 The ring may also stabilize the sulfonate group by resonance, leading to charge density lowering, and hence being simultaneously part of the polar headgroup with delocalized charge, and also a part of the hydrophobic alkyl chain. This could lead to mutual stabilization of cationic and anionic polar headgroups, and in general stabilization of the whole molecule. The direct transition from solid state into isotropic liquid of sample 1, and degradation of sample 3, could be explained with the positive charge delocalized over the whole cationic aromatic pyridinium system thus weakening cation/anion electrostatic interactions between components. Temperatures of transitions as well as thermodynamic parameters change almost linearly with the total number of carbon atoms in hydrocarbon chains. 53 On the other hand, asymmetrical catanionics, like compounds 1 and 3, have different number of phase transitions when compared heating and cooling cycles, with very often wide temperature hysteresis. Since the electrostatic interactions play a significant role in bilayers formed from both symmetrical and asymmetrical catanionics, the existence/difference between chain lengths of cationic and anionic part in catanionic molecule leads to a different and less ordered packing, and to more complex thermal behavior. The same chain length of both tails in a symmetrical catanionic bilayer allows denser molecular packing than in a asymmetrical one. 53 As a consequence, the asymmetrical catanionics are often characterized as substances with disordered structure due to a poorer hydrophobic arrangement in the bilayer as well as total difficult arrangement of components into stable one.
Conclusions
Novel dodecylpyridinium based catanionic compounds were synthesized and 
